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In team sports, game decisive events are
often reliant on transient repeated-sprint
ability (RSA), which refers to the abil-
ity to produce the best possible aver-
age sprint performance over a series of
sprints (<10 s), separated by short (<60 s)
recovery periods (Bishop et al., 2011).
Researches on RSA, particularly focusing
on factors contributing to fatigue (Girard
et al., 2011) and interventions (e.g., train-
ing, ergogenic aids, altitude) likely to
improve this fitness component (Bishop
et al., 2011; Billaut et al., 2013), are under-
going unprecedented popularity. Although
differences exist in terms of sprint dura-
tion (4–10 s) or distance (10–40m) and
recovery time (10–30 s) or nature (pas-
sive or active) between RSA protocols,
a single set of 5–15 maximal “all-out”
efforts (i.e., close-loop design) is gener-
ally used to assess performance or fatigue
resistance. Compared to time trials (i.e.,
possibility to constantly adjust mechani-
cal performance) or time to exhaustion
tasks (i.e., option of voluntarily ending
exercise; open-loop design), one advantage
of the RSA test model is to circumvent
the confounding effects associated with
pacing.
With the repetition of maximal efforts,
muscle fatigue develops (i.e., reversible
decline in muscle force production),
arising from a complex interaction
between muscular perturbations and
neural adjustments so that no singu-
lar isolated factor likely represents a
direct causative mechanism explaining
the rate of decline in peak sprint speed
(running) or peak/mean power output
(cycling) during RSA protocols (Girard
et al., 2011). In addition to large per-
turbations in peripheral physiological
state with repeated sprinting, when sub-
stantial fatigue levels are incurred (i.e.,
sprint decrement score >10%), reduc-
tions in mechanical performance and in
the amplitude of quadriceps EMG sig-
nals [Root Mean Square (RMS) activity]
often coincide, implying that motor unit
activity (i.e., a decrease in recruitment;
firing rate; or both) may also become
suboptimal (Mendez-Villanueva et al.,
2008; Girard et al., 2011; Brocherie et al.,
2014). Very recently, RSA investigations
have been conducted under elevated envi-
ronmental stress (heat or hypoxia) or
where the degree of fatigue at exercise
start was manipulated to more thoroughly
understand the nature of the underly-
ing mechanisms. The consistent finding
was that acute moderate hypoxia (i.e.,
a fraction of inspired oxygen of 13.8%;
Billaut et al., 2013) or the induction of
pre-existing locomotor muscle fatigue
(i.e., following a 10-min neuromuscu-
lar electrical stimulation protocol of the
quadriceps; Hureau et al., 2014) caused
significant parallel reductions in RMS
activity of the active musculature and
in power output with cycle-sprint rep-
etitions (i.e., their magnitudes exceeded
those of control situations), while the
amount of peripheral quadriceps fatigue
incurred at exercise termination was sim-
ilar. The interpretation was that feedback
from fatiguing muscles plays an impor-
tant role in the determination of central
motor drive and force output, so that
the development of peripheral muscle
fatigue is confined to a certain level (also
referred as a “critical” threshold) so as not
to surpass a sensory tolerance limit.
Because the modifications in muscle
recruitment patterns are highly influenced
by changes in RSA performance, it can be
argued that muscle “de-recruitment” with
sprint repetitions may not be the cause
but rather the consequence of progressive
decreases in velocity or power production.
In an effort to resolve this issue, innovative
approaches have emerged, either based on
the determination of the power-EMG rela-
tionship during warm-up sprints that are
subsequently compared to EMG changes
during a RSA test (Bishop, 2012) or based
on the comparison of fatigue responses
during two sets of repeated sprints sepa-
rated by a recovery period (i.e., few min-
utes) and matched for initial mechanical
output (Mendez-Villanueva et al., 2008).
The rationale is to determine whether
a disproportionate decrease in neural
drive overmechanical performance (sprint
time/power output) actually occurs during
RSA tests.
To delineate the neural and muscular
factors driving performance recovery fol-
lowing repeated sprints a sprint-matching
paradigm was introduced, where exer-
cise responses during two sets of repeated
cycling sprints (10 × 6-s “all out” sprints
with 30 s recovery followed after 6min
of passive recovery by five 6-s sprints),
matched for initial mechanical output
in a “non-fatigued” (sprints 4–8) and a
“fatigued” state (sprints 11–15), were actu-
ally compared (Mendez-Villanueva et al.,
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2007). Results indicated that there was
a greater fatigability in the five repeti-
tions of the second vs. first set, despite
mechanical output produced for the ini-
tial bout of both sets (i.e., sprints 4 and
11) being similar. Furthermore, muscle
activation was lower (∼12%) in sprint
11 than 4, while the rate of decrease
in net EMG activity was similar for the
two sets of repeated sprints. Taken as
a whole, this highlights that the short-
term activation history of the active mus-
culature alters the muscle recruitment
pattern and fatigability during sets of
repeated sprints matched for initial power
output. Using the same data set, with
the addition of muscle biopsies of the
vastus lateralis obtained at rest, imme-
diately after the 10 first sprints and
after 6min of recovery it was further
demonstrated that phosphocreatine resyn-
thesis was associated with total work
done in sprint 11 (r = 0.79, P < 0.05)
and total work done during sprints
11–15 (r = 0.67, P < 0.05), while EMG
amplitude remained depressed (Mendez-
Villanueva et al., 2013). The lower per-
formance maintenance during subsequent
repeated sprints was mostly mediated by
intramuscular factors probably related to
limitations inmetabolic supply, as also evi-
denced by the disproportionate ∼2-fold
greater decrease in total work in rela-
tion to RMS in the second set of sprints
(sprint 11–15) than in the first five sprints
(sprint 1–5).
In an effort to improve our
understanding of fatigue-causing mecha-
nisms during repeated sprinting, we invite
multiple-sets RSA studies to carefully eval-
uate the ensuing recovery rate of single-
and multiple-sprint performance and
return of neuromuscular markers, with
special reference to restoration of central
nervous system functioning and of periph-
eral physiological state. Furthermore,
quantifying whether disproportionate
decreases in neural drive or in mus-
cle contractility occur over mechanical
performance during successive sets of
repeated sprints, may help to determine
if the attenuation of the EMG amplitude
is actually the consequence, or the cause,
of slower sprint times or reduced power
production. Further investigation where
environmental stressing conditions could
vary across successive sets of repeated
sprints and/or during the between-sets
intervening recovery periods may assist in
clarifying this contention, accepting the
premise that an increase in hypoxia sever-
ity would alter exercise-induced demands
(and thereby recovery requirements) on
the neuromuscular system. Under this
framework, our recent comparison of the
effects of an initial set of exhaustive inter-
mittent cycling under normoxia, moderate
or severe hypoxia on locomotor perfor-
mance and quadriceps fatigability, and
how recovery from this first exercise bout
influence subsequent normoxic perfor-
mance during the completion of a second
set using a similar exercise mode may lead
the way (Christian et al., 2012). In doing
so particular attention should be paid to
study perceptual recovery as well, as it
may interact with feed-forward/feedback
mechanisms to influence athlete prepared-
ness for ensuing exercise bouts (Minett
and Duffield, 2014).
REFERENCES
Billaut, F., Kerris, J. P., Rodriguez, R. F., Martin,
D. T., Gore, C. J., and Bishop, D. J. (2013).
Interactions of central and peripheral factors using
repeated sprints at different levels of arterial O2
saturation. PLoS ONE 8:e77297. doi: 10.1371/jour-
nal.pone.0077297
Bishop, D. J. (2012). “Fatigue during intermittent-
sprint exercise,” in Proceedings of the Australian
Physiological Society, Vol. 43 (Sydney), 9–15.
Bishop, D. J., Girard, O., and Mendez-Villanueva,
A. (2011). Repeated-sprint ability – Part II.
Recommendations for training. Sports Med. 9,
741–756. doi: 10.2165/11590560-000000000-
00000
Brocherie, F., Millet, G. P., and Girard, O. (2014).
Neuro-mechanical and metabolic adjustments to
the repeated anaerobic sprint test in profes-
sional football players. Eur. J. Appl. Physiol.
doi: 10.1007/s00421-014-3070-z. [Epub ahead of
print].
Christian, R. J., Racinais, S., Buchheit, M., and Girard,
O. (2012). Effect of hypoxia severity on peripheral
fatigue development and subsequent exercise per-
formance during exhaustive intermittent cycling.
Proc. Physiol. Soc. 26, PC89.
Girard, O., Mendez-Villanueva, A., and Bishop,
D. J. (2011). Repeated-sprint ability – Part I.
Sports Med. 41, 673–694. doi: 10.2165/11590550-
000000000-00000
Hureau, T. J., Olivier, N., Millet, G. Y., Meste, O.,
and Blain, G. M. (2014). Exercise performance
is regulated during repeated sprints to limit the
development of peripheral fatigue beyond a crit-
ical threshold. Exp. Physiol. 99, 951–963. doi:
10.1113/expphysiol.2014.077974
Mendez-Villanueva, A., Hamer, P., and Bishop, D.
J. (2007). Fatigue responses during repeated
sprints matched for initial mechanical output.
Med. Sci. Sports Exerc. 39, 2219–2225. doi:
10.1249/mss.0b013e31815669dc
Mendez-Villanueva, A., Hamer, P., and Bishop,
D. J. (2008). Fatigue in repeated-sprint exer-
cise is related to muscle power factors and
reduced neuromuscular activity. Eur. J. Appl.
Physiol. 103, 411–419. doi: 10.1007/s00421-008-
0723-9
Mendez-Villanueva, A., Edge, J., Suriano, R., Hamer,
P., and Bishop, D. J. (2013). The recovery of
repeated-sprint exercise is associated with PCr
resynthesis, while muscle pH and EMG ampli-
tude remain depressed. PLoS ONE 7:e51977. doi:
10.1371/journal.pone.0051977
Minett, G. M., and Duffield, R. (2014). Is
recovery driven by central or peripheral
factors? A role for the brain in recov-
ery following intermittent-sprint exercise.
Front. Physiol. 5:24. doi: 10.3389/fphys.2014.
00024
Conflict of Interest Statement: The authors declare
that the research was conducted in the absence of any
commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 18 December 2014; accepted: 07 January 2015;
published online: 28 January 2015.
Citation: Girard O, Brocherie F and Millet GP (2015)
Can analysis of performance and neuromuscular recov-
eries from repeated sprints shed more light on its fatigue-
causing mechanisms? Front. Physiol. 6:5. doi: 10.3389/
fphys.2015.00005
This article was submitted to Exercise Physiology, a
section of the journal Frontiers in Physiology.
Copyright © 2015 Girard, Brocherie and Millet. This is
an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is per-
mitted, provided the original author(s) or licensor are
credited and that the original publication in this journal
is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Physiology | Exercise Physiology January 2015 | Volume 6 | Article 5 | 2
